Goals Oral mucositis can be a significant and dose-limiting complication of high-dose cancer therapy. Mucositis is a particularly severe problem in patients receiving myeloablative chemotherapy prior to bone marrow or hematopoetic stem cell transplant (HSCT). The cyclooxygenase (COX) pathway mediates tissue injury and pain through upregulation of proinflammatory prostaglandins, including prostaglandin E2 (PGE2) and prostacyclin (PGI2). The objective of this small (n=3) pilot study was to examine the role of the COX pathway in causing mucosal injury and pain in chemotherapyinduced oral mucositis. Materials and methods We collected blood, saliva, and oral mucosal biopsy specimens from three autologous HSCT patients at the following time-points before and after administration of conditioning chemotherapy: Day −10, +10, +28, and +100, where day 0 is day of transplant. RNA extracted from full-thickness tissue samples was measured by RT-PCR for the following: COX-1, COX-2, microsomal prostaglandin E synthase (mPGES), IL-1β, and TNF-a. Blood and saliva samples were measured by ELISA for PGE2 and PGI2, which are markers of COX activity. Severity of oral mucositis was determined using the Oral Mucositis Index. Severity of pain due to oral mucositis was measured using a Visual Analog Scale. Relationships between the different variables were examined using Spearman rank correlation coefficients. Main results Mean mucositis and pain scores increased significantly after administration of chemotherapy and then gradually declined. The correlation between changes in mucositis and pain scores was strong and statistically significant. The following additional correlations were statistically significant: between tissue COX-1 and pain; between tissue mPGES and pain; between salivary PGE1 and pain; between salivary PGI2 and pain. Other relationships were not statistically significant. Conclusions Our finding of significant associations of pain scores with tissue COX-1 and mPGES, as well as salivary prostaglandins, is suggestive of a role for the cyclooxygenase pathway in mucositis, possibly via upregulation of pro-inflammatory prostaglandins. However, our small sample size may have contributed to the lack of significant associations between COX-2 and other inflammatory Support Care Cancer (2010) 18:95-103 
Introduction
Oral mucositis refers to erythematous, erosive, and ulcerative lesions of the oral mucosa seen in oncology populations, such as head and neck cancer patients undergoing radiation therapy (RT) which includes fields involving the oral cavity, and patients receiving high-dose chemotherapy for cancer, including those receiving myeloablative chemotherapy as conditioning for hematopoietic cell transplantation [12] [13] [14] .
Oral mucositis is an especially severe and common problem in patients who receive myeloablative chemotherapy as conditioning for hematopoietic stem cell transplantation (HSCT). Among patients receiving conditioning regimens containing high-dose melphalan or total body irradiation, severe mucositis (WHO grades 3 or 4) has been reported to be almost ubiquitous [28] .These patients typically have severe pain due to oral mucositis which significantly impacts eating, drinking, speaking, mouthcare, and overall quality of life [2, 3] . Severe mucositis pain commonly necessitates the use of systemic opioid analgesics and total parenteral nutrition [8] . From the patient's point of view, oral mucositis is often the single most debilitating complication of a transplant [2] . Since these patients are typically severely immunosuppressed, secondary infections of oral lesions, and more importantly bacteremia and sepsis of oral origin pose a significantly increased risk of morbidity and mortality [19, 21] . A singlepoint increase in peak mucositis scores in HSCT patients is associated with one additional day of fever, a 2.1-fold increase in risk of significant infection, 2.7 additional days of total parenteral nutrition, 2.6 additional days of injectable narcotic therapy, 2.6 additional days in hospital, $25,405 in additional hospital charges and a 3.9-fold increase in 100-day mortality risk [26] .
In a recent study of patients undergoing chemotherapy for solid tumors or lymphomas, 303 of 599 patients (over 50%) developed oral and/or gastrointestinal (GI) mucositis. OM developed during 22% of 1,236 cycles of chemotherapy, GI mucositis during 7% of cycles and both oral and GI mucositis during 8% of cycles [7] . The risk of infection in these immunosuppressed patients was significantly higher (over twofold) during cycles with mucositis than during cycles without mucositis even though the level and duration of neutropenia was similar. The risk of infection increased with increasing severity of mucositis. Infection-related deaths were significantly more common during cycles with both oral and GI mucositis [7] . During chemotherapy cycles with mucositis, the average duration of hospitalization was significantly longer. The use of liquid diets, total parenteral nutrition, fluid replacement and antifungal or antiviral prophylaxis/therapy were more common in cycles with mucositis. It was estimated that the cost of hospitalization was $3,893 per chemotherapy cycle without mucositis, $6,277 per cycle with oral mucositis and $9,132 per cycle with both oral and GI mucositis. Perhaps most importantly, a reduction in the next dose of chemotherapy was twice as common after cycles with mucositis as compared to cycles without mucositis [7] . This confirms the role of oral mucositis as a dose-limiting toxicity of cancer chemotherapy with direct effects on patient survival.
The COX pathway is an important pathway involved in mediating the inflammatory response ( Fig. 1 ) and can be directly activated by a number of chemotherapeutic drugs, including in the oral mucosa [16] . In addition, antineoplastic agents also cause the release of pro-inflammatory cytokines, such as IL-1β and TNF-a, which can amplify further COX activation. COX-1 and COX-2 mediate the conversion of arachidonic acid into Prostaglandin H2 (PGH2), which is converted into PGE2 by PGE synthase and into PGI2 by prostacyclin synthase. Since both PGE2 and PGI2 cause pain by acting at prostaglandin receptors on neurons [6, 15] , and because PGE2 also mediates tissue injury via release of matrix metalloproteinases [24] , it seems likely that the COX enzymes play a role in both the pathogenesis and symptom complex associated with mucositis.
A number of studies support a role for the cyclooxygenase pathway in the pathogenesis of oral mucositis. Administration of radiation/chemotherapy has been demonstrated to cause significant elevations in the release of pro-inflammatory cytokines including TNF-a, interleukin-1 Fig. 1 Mechanisms whereby the cyclooxygenase pathway mediates tissue injury and pain alpha (IL-1α) and interleukin-6 (IL-6) from several different tissues [10, 30] . In a hamster cheek pouch model of radiation mucositis, mRNA levels of TNF-α and interleukin-1 beta (IL-1β) in oral mucosal tissue correlated with severity of mucosal injury. Further, animals treated with the anti-inflammatory cytokine interleukin -11 (IL-11) demonstrated a significant reduction in mucosal injury accompanied by reduced levels of TNF-α and IL-1β [25] . TNF-α and IL-1β both induce the expression of cyclooxygenase-2 (COX-2) which is a key enzyme involved in the inflammatory process [5] . COX-2 expression is upregulated in irradiated hamster oral mucosa and is highest during peak mucositis severity [27] . COX-2 expression and protein levels in irradiated rat mucosa were also found to correlate with severity of oral mucositis [9] .
A human study correlated the levels of prostaglandins in plasma with severity of oral mucositis. Patients treated with synchronous radiotherapy and chemotherapy for head and neck cancer had elevated levels of PGE 2 in plasma. Further, the plasma levels of PGE 2 correlated with the severity of oral mucosal injury [29] .
Thus, evidence from animal models indicates that activation of the COX pathway correlates with the pathogenesis of oral mucositis. However, there is a need to confirm these findings in human studies. The goal of this pilot study was thus to examine the role of the COX pathway in chemotherapy-induced oral mucositis in humans receiving stomatotoxic chemotherapy.
Materials and methods
This pilot study was originally designed as a multicenter study with three sites and a total enrollment of 20 subjects. It was estimated that this sample size would allow detection of moderate to large correlations between four to five observation points. However, two of the sites were unable to obtain IRB approval due to concerns about oral mucosal biopsies in neutropenic subjects. The study was therefore terminated at the third site (University of Connecticut Health Center), after three subjects had completed the study over an 8-month period, with IRB approval. No additional patients were screened. The following inclusion criteria were used: willingness and ability to provide written informed consent; Karnofsky score greater than or equal to 60 at enrollment; scheduled to receive high-dose conditioning chemotherapy in preparation for a HSCT for treatment of a solid tumor. The following exclusion criteria were used: less than 18 years of age; positive pregnancy test; inclusion of total body irradiation in the conditioning regimen; WBC count less than 1,000/mm 3 , granulocyte count less than 500/mm 3 or platelet count less than 20,000/ mm 3 at enrollment; other serious coexisting disease in addition to malignancy; enrolled on another investigational study.
Assessment of oral mucositis Oral examinations were performed by calibrated clinicians experienced in evaluating oral mucositis. A slide set demonstrating the possible range of oral mucosal changes post-chemotherapy was reviewed by all examiners for calibration. Oral mucositis was scored three times a week during hospital admission for hematopoetic cell transplant as well as on days oral mucosal biopsy was performed as an out-patient procedure (see Table 1 ). Oral mucositis was scored using the 20-item Oral Mucositis Index (OMI), derived from the original OMI published by Schubert et al. in 1992 [17, 23] . This validated scale assigns a score for ulceration/pseudomembrane at each of nine specific intra-oral anatomic sites based on estimated surface area involved (0, none; 1, >0 but ≤1 cm 2 ; 2, >1 cm 2 but ≤2 cm 2 ; and 3, >2 cm 2 ). Erythema was also scored at the same nine sites according to the following scale (0, normal/no change; 1, mild; 2, moderate; and 3, severe change). In addition, atrophy of the dorsal tongue and edema of the lateral tongue were scored, using the same scale as for erythema. The 20 individual scores were added to determine the total oral mucosal injury score for each assessment for each subject.
Assessment and management of pain The subjects' assessment of pain was recorded using a Visual Analog Scale (VAS) [11] , three times a week throughout their hospital stay. This VAS asked subjects to describe their current oral pain by drawing a vertical line through a 100-mm horizontal scale, where the left end was labeled "No Pain" and the right end was labeled "Worst Possible Pain". The distance from the left end of the horizontal scale to the vertical line drawn by the subject was measured as the VAS score for that assessment. To increase consistency and limit mucosal sensitivity, the VAS was completed at approximately the same time of day, prior to oral examination or eating. Mucosal pain control was based on standard hospital protocol and typically included both topical anesthetic solutions and systemic narcotics.
Oral mucosal biopsy Oral mucosal biopsies were obtained by an experienced oral and maxillofacial surgeon at the following time-points: Day −10, day +10, day +28, and day +100, where day 0 is day of HSCT. The biopsy technique was based on a procedure utilized for lip biopsy in transplant patients [22] . The biopsy technique was reviewed with the attending surgeon to ensure consistency of technique and quality of specimens. Patients were anesthetized using a unilateral infiltration of 2% Xylocaine (with 1:100,000 epinephrine), 1 cm distal to the site of biopsy. Site selection was based on the following schema:
1st specimen (day −10) 1 cm distal to left lip commissure 2nd specimen (day +10) 1 cm distal to right lip commissure 3rd specimen (day +28) 2 cm distal to left lip commissure 4th specimen (day +100) 2 cm distal to right lip commissure A 4-mm punch biopsy specimen was harvested from the buccal mucosa, using a gentle, rotating motion to insert the instrument 1 mm in depth. The punch biopsy instrument was then withdrawn, and the specimen separated from underlying tissue with a number 15 scalpel. When necessary, a suture was placed for hemostasis. Mucosal specimens were immediately placed into a cryomold filled with Tissue-Tek OCT (optimal cutting temperature) compound (Sakura Finetek, Torrance, CA), and then put into a mixture of methylbutane and dry ice to flash-freeze the sample. When the OCT media solidified, the cryomold was wrapped, labeled, and transferred to −80°C.
Saliva collection Saliva samples were collected from each patient by a trained research nurse at the following timepoints: Day −10, day +10, day +28, and day +100 (see Table 1 ). Unstimulated whole saliva was collected by directing patients to not swallow for 1 min, followed by expectoration of the pooled saliva into a 50-cc collection tube. This was repeated three to five times for each timepoint. Saliva samples were centrifuged to separate cellular debris and then frozen at −80°C until analyzed.
Blood sample collection Peripheral blood samples were collected from each subject by a trained research nurse at the following time-points: day −10, day +10, day +28, and day +100 (see Table 1 ). Blood samples were centrifuged to separate cellular debris and then frozen at −80°C until analyzed.
Quantitative RT-PCR analysis Biopsies were brought to the laboratory embedded in OCT. Biopsies were first cleared of the water-soluble compound by cutting away most of the OCT followed by several rinses with RNAsefree water. Biopsies were cracked in the frozen state in liquid nitrogen and then homogenized in TRI Reagent (Molecular Research Center, Cincinnati, OH) in a Dounce homogenizer. RNA was extracted according to the manufacturer's procedure. Samples were DNAsed using the Ambion Turbo DNA-free kit (Applied Biosystems, Foster City, CA). RNA was quantified by measuring the optical density at 260 and 280 nm. The semi-quantitative PCR method measures relative RNA expression levels in cellular samples by use of a sequence-specific fluorogenic probe (TaqMan probe). RNA was reverse transcribed into the complementary DNA (cDNA) strand using the Highcapacity cDNA Archive kit (Applied Biosystems, Foster City, CA) which uses MMLV reverse transcriptase in random-primed cDNA syntheses. This cDNA was used in subsequent PCR reactions with primers and probes specific to the cytokine of interest. Primers and probes for Cox-1, Cox-2, and mPGES were designed by Dr. Jonathan Covault, MD, PhD, for use in our laboratory using the Primer Express software (Applied Biosystems, Foster City, CA). RT-PCR conditions and primer/probe concentrations were optimized according to manufacturer recommendations. Primers and probes for IL-1 β, TNFa, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 18S ribosomal RNA (rRNA) were purchased as commercially available sets (Applied Biosystems, Foster City, CA). A four-point standard curve was run alongside the samples for each gene tested, using the Universal Reference RNA from human tissues (Clontech, Mountain View, CA). Samples and standards were run in triplicate. Amplification was measured throughout the PCR using the ABI 7700 Real-time PCR instrument (Applied Biosystems, Foster City, CA). This system monitors the PCR at every cycle and generates quantitative data based on the PCR at early cycles when PCR fidelity is highest. Analysis was done using SDS software (Applied Biosystems, Foster City, CA) and plotted against the standard curve. Cytokine specific expression levels were then normalized to values obtained from housekeeping genes from the same sample. The normalizing gene was GAPDH and 18 S rRNA was run as well to ensure that results were consistent across multiple housekeeping genes.
Enzyme-linked immunosorbent assay Plasma and saliva samples were measured for the following using Enzymelinked immunosorbent assay (ELISA):
PGE2 PGE2 is rapidly converted in vivo to its 13,14-dihydro-15-keto metabolite. This metabolite is not chemically stable and undergoes a variable amount of degradation to other metabolites. Therefore, measurement of the metabolites is necessary to provide a reliable estimate of actual PGE2 production. We used the PGE2 metabolite assay (Cayman Chemical, Ann Arbor, MI), per manufacturer's instructions [18] . This assay converts all of the immediate PGE2 metabolites to a single, stable derivative that can be easily quantified using enzyme immunoassay.
Prostacyclin (PGI2)
Prostacyclin is rapidly and nonenzymatically hydrated to 6-keto PGF 1 a. Therefore, the 6-keto PGF 1 αEIA kit (Cayman Chemical, Ann Arbor, MI) was used to estimate prostacyclin synthesis, per manufacturer's instructions [1] .
Data analysis Statistical analyses were performed using StatXact software (Cytel Software Corporation, Cambridge, MA). Analyses focused on correlations between temporal changes in mucositis or pain scores and concurrent changes in components of the cyclooxygenase pathway. Spearman rank correlation coefficients (r) were calculated to quantify these relationships. Due to the small sample size, "exact" p values were calculated to evaluate statistical significance of the correlation estimates. A 0.05 significance level was applied in all statistical tests.
Results

Subjects
Three subjects were enrolled to this pilot study. They included a 44-year-old female with breast cancer, a 64-year-old male with non-Hodgkins lymphoma and a 48-year-old female with breast cancer. All subjects received myeloablative chemotherapy consisting of busulfan 16 mg/kg over 4 days, followed by thioTEPA 500 mg/m 2 and carboplatin 900 mg/m 2 over 4 days. None of the subjects received total body irradiation. Myeloablative chemotherapy was followed by infusion of previously collected autologous CD34 positive stem cells on day 0. Each subject was followed at protocol-specified timepoints (see Table 1 ) until the last time-point at day 100 after transplant. The following samples/data were not obtained and were not included in the data analysis: Day +10 blood sample for subject 01 was not obtained due to an unintentional protocol deviation; day +28 saliva and tissue samples and mucositis and pain scores for subject 03 were not obtained since the subject was febrile and neutropenic. All mucosal biopsies that were performed healed without any complications.
Mucositis and pain scores
As expected, mean mucositis and pain scores increased significantly after administration of chemotherapy and then gradually declined (Figs. 2 and 3 ). Mucositis and pain scores were slightly higher than 0 at baseline, this can be attributed to resolving oral mucosal damage from previous rounds of chemotherapy. Both mucositis and pain scores peaked at day +10. Mucositis scores returned to baseline levels by day +28 and were at 0 by day +100. Pain scores returned to 0 by day +28. The correlation between changes Day -10 Day +10 Day +28 Day +100 Pain Score Fig. 3 Mean (±SD) mouth pain scores of the three subjects, at the different time-points before and after administration of high-dose chemotherapy. These mean scores were obtained by calculating an average of the Visual Analog Scale pain score for each subject, at each time-point in mucositis and pain scores was strong (r=+0.91) and statistically significant (p=0.01).
Levels of inflammatory mediators in oral mucosal biopsies
In general, the levels of inflammatory mediators measured in the oral mucosal biopsies showed an increase following chemotherapy, followed by a decline that paralleled mucositis and pain scores (Figs. 4, 5, and 6 ). Correlations between temporal changes in levels of the inflammatory mediators and changes in the mucositis and pain scores are shown in the upper half of Table 2 . The correlations of tissue levels of COX-1, COX-2, mPGES, and IL-1β, with the mucositis and pain scores were in the positive direction.
Correlations between COX-1 and pain and between mPGES and pain were statistically significant. Further, a positive correlation between COX-1 and mucosal injury showed a trend toward statistical significance. Interestingly, an increase was seen at the day +100 time-point for all of the mediators mentioned above.
Levels of prostaglandins in blood and saliva
Salivary PGE1 and PGI2 levels were significantly correlated with patient reports of pain (Figs. 7 and 8, Table 2 ).
Correlations between blood or salivary levels of these prostaglandins and mucositis scores did not achieve statistical significance.
Discussion
The kinetics of objective mucositis scores and patientreported pain scores noted in this pilot study were consistent with those noted in the literature [17] . Both endpoints peaked at approximately day 10, and the trajectory of tissue levels of COX-1, COX-2, and mPGES was similar. Likewise, salivary levels of PGE1 and PGI2 followed the same pattern. While it seems likely that the small number of subjects precluded statistical confirmation of the seeming correlations between mucositis scores and levels of inflammatory mediators, we were able to demonstrate significant associations of tissue levels of COX-1 and mPGES with scores of pain resulting from oral mucosal injury. COX-1 is usually considered to be the constitutive isoform expressed in basal conditions, while COX-2 is considered to be the inducible isoform upregulated in inflammatory and other pathological states. However, recent studies have disputed this traditional Day -10 Day +10 Day +28 Day +100 mPGES mRNA (ng) Fig. 6 Mean (±SD) tissue levels of microsomal prostaglandin E synthase (mPGES) mRNA of the three subjects at the different timepoints before and after administration of high-dose chemotherapy. These mean scores were obtained by calculating an average of the normalized mPGES mRNA levels (in nanograms) obtained by RT-PCR, for each subject, at each time-point paradigm and indicated that both isoforms may be upregulated in pathological states [4, 20, 31] . Our finding of a significant association between COX-1 and pain scores is consistent with this emerging concept. Both COX-1 and COX-2 mediate conversion of arachidonic acid to PGH2, which in turn can be converted to PGE2 by mPGES (Fig. 1) . Since PGE2 is known to act at pain receptors on neurons, our finding of a significant association between mPGES and pain scores is consistent with a potential role for the cyclooxygenase pathway in the pathogenesis of mucositis. Interestingly, the mean tissue levels of these inflammatory mediators showed an unexpected increase at the day +100 time-point. Although the reason for this increase is not known, it may be speculated that there was a subclinical inflammatory process in progress at this time-point. In this population of HSCT patients, sub-clinical graft vs.
host disease is one possible explanation, although this is less likely with autologous transplants. We also found that salivary levels of the important pro-inflammatory prostaglandin PGI2 closely tracked and were significantly correlated with clinical pain scores. This finding is significant in view of the known abilities of PGI2 to mediate pain (Fig. 1) . These results also indicate that measuring salivary levels of symptom mediators, such as PGE2 and PGI2, may be a convenient method to measure pathologic responses leading to pain. The relative ease of sample collection for saliva offers a logistical advantage compared to blood sample collection.
As noted above, the small number of subjects and a loss of data due to missing observations precluded statistical modeling of the temporal relationships between markers of PGE1 (pg/ml) Fig. 7 Mean (±SD) salivary PGE1 levels of the three subjects at the different time-points before and after administration of high-dose chemotherapy. These mean scores were obtained by calculating an average of the PGE1 levels (in picograms per milliliter) obtained by ELISA, for each subject, at each time-point cyclooxygenase pathway activity and the measures of mucositis. In place of modeling methods, we used a rankbased, non-parametric technique that is resistant to the effects of non-normality and outlying observations and combined it with the calculation of exact p values appropriate for small samples. On the one hand, the finding of any statistically significant associations with repeated measurements from only three subjects is note-worthy and may indicate the strength of these associations. On the other hand, there may exist complex associations in the temporal patterns of each pathway marker and between the markers and the mucositis scores that could not be investigated with a limited data set and were not incorporated into our analyses. Additional studies with larger numbers of subjects are needed to more fully explore these relationships. Our findings are consistent with those of Logan et al., who demonstrated increased levels of COX-2 (by immunohistochemistry) in human oral mucosa following administration of chemotherapy [16] . Sonis et al. demonstrated a significant increase in COX-2 expression (by immunohistochemistry) following radiation in an animal model of radiation mucositis. The kinetics of COX-2 expression paralleled mucositis severity [27] . Our current data extend these findings by quantitative measurement of COX-2 and other inflammatory mediators in human tissues using quantitative RT-PCR, and initially define the relationship between tissue and salivary levels of these inflammatory mediators and the extent of mucosal injury and symptoms in humans.
Our finding of significant associations of pain scores with tissue COX-1 and mPGES, as well as salivary prostaglandins, is suggestive of a role for the cyclooxygenase pathway in mucositis, possible via upregulation of pro-inflammatory prostaglandins. However, our small sample size may have contributed to the lack of significant associations between COX-2 and other inflammatory mediators with mucosal injury and pain. Thus, additional studies with larger numbers of subjects are warranted to confirm the involvement of the cyclooxygenase pathway in chemotherapy-induced mucositis.
